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What	  We	  Are	  Searching	  For	  
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•  A	  model-‐independent	  resonance,	  X,	  decaying	  to	  two	  Standard	  Model	  Higgses,	  
decaying	  to	  4	  b-‐jets	  

•  Having	  discovered	  the	  Higgs,	  it	  is	  important	  to	  ask	  if	  it	  is	  pair-‐produced	  

•  Signal	  would	  be	  buried	  under	  immense	  4-‐jet	  QCD	  background.	  Challenge	  is	  to	  
unearth	  it	  using	  b-‐tagging	  and	  a	  data-‐driven	  es.ma.on	  of	  the	  background.	  
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Figure 10: The estimated sensitivities in the various search channels for the heavier MSSM Higgs
bosons in the [tanβ,MA] plane: H/A → τ+τ− (light blue), H → WW + ZZ (green), H/A → tt̄
(red), A → hZ (brown) and H → hh (yellow). The projection is made for the LHC with 7+8 TeV
and the full 25 fb−1 of data collected so far. The radiative corrections are such that the lightest h
mass is Mh = 126 GeV.

5.3 Remarks on the charged Higgs boson

We close this discussions with a few remarks on the charged Higgs boson case. First of all,

the production rates are very large only for MH± <∼ 170 GeV when the H± state can be

produced in top decays. In this case, the decay channel H± → τν is always substantial and

leads to the constraints that have been discussed earlier and which are less effective than

those coming from H/A → ττ searches at high tan β. In the low tan β region, two other

channels can be considered: H+ → cs̄ that has been studied by the ATLAS collaboration

in a two–Higgs doublet model with the 7 TeV data [89] and H+ → cb̄. The branching ratio

for the latter channel is significant for tan β <∼ 3 and has been obtained by assuming the

same CKM angles as in the SM, in particular Vcb ≈ 0.04 [35]. This channel, if observed

would thus allow to check some of the CKM matrix elements in the charged Higgs sector.

Finally, the processes t → H+b at low mass and pp → btH± at high mass with

H± → Wh can have large rates at sufficiently low tan β. The cross section times branching

fraction is displayed in Fig. 11 in the [tan β,MA] plane for a 14 TeV c.m. energy. Shown

are the contours with σ × BR = 1, 5 and 10 fb which, for a luminosity of 300 fb−1 would

correspond to a small number of events. We will not perform an analysis for this particular

final state. We simply note that the final state topology, pp → tbH± → tbWh resembles

that of the pp → tt̄h process that is considered as a means to measure the htt̄ Yukawa

coupling and which is considered to be viable at 14 TeV with a high luminosity.

Hence, even for the charged Higgs bosons, there are interesting search channels which

can be considered if the low tan β region is reopened.

– 29 –

Theore.cal	  Mo.va.on	  

6	  

•  A	  Randall	  Sundrum	  (RS1)	  warped	  extra	  
dimension	  model	  with	  a	  radion	  of	  mass	  
above	  300	  GeV	  can	  decay	  to	  two	  SM	  Higgs.	  	  
•  	  ”Radion	  Phenomenology”,	  Csaba	  

Csaki	  et	  al:	  arXiv:0705.3844,	  	  
•  “Higgs-‐Radion	  interpretaJon	  of	  LHC	  

data”,	  Bohdan	  Grzadkowski	  et	  al:	  
arXiv:1202.5017	  

	  
•  X→HH(→4b)	  final	  state	  can	  be	  sensiJve	  

only	  to	  X	  with	  mX	  <	  350	  GeV	  for	  low	  tanβ	  
value	  in	  MSSM	  scenario.	  	  
arXiv:1304.1787v2	  

	  
•  NMSSM	  CP-‐even	  heavy	  Higgs	  H0	  decaying	  

to	  h0h0	  is	  interesJng	  for	  mH0	  between	  300	  
and	  500	  GeV.	  Cross	  secJons	  of	  ~	  60	  h	  
assuming	  SM	  Br(H-‐>bb).	  
arxiv:1304.3670	  

Figure 4: In this plot, we show the branching fractions of the radion into on-shell final
states. Again, the dashed curves represent the branching fractions in the RS1 scenario. We
show the effect of introducing tree level brane localized kinetic terms for the photon and
gluon, choosing different combinations for each graph. We set Λr = 2 TeV, corresponding
to an IR brane scale of 1/R′ = 816 GeV.

fraction to gluons (and thus the production rate) for larger radion masses still differs from
the values found in the brane localized SM.

7 Discovery potential at the LHC

In this section we discuss the radion discovery potential at the LHC. We show plots of the
ratio of the discovery significance of the radion in the gg → r → ZZ → 4l and gg → r → γγ
channels and those of a SM Higgs boson with the same mass. An approximate formula for
the ratio of the significance of potential radion discovery compared with a SM Higgs boson
discovery of the same mass for the gg → r → γγ channel is given in [4]:

Rγγ
S ≡

S(r)

S(hSM)
=

Γ(r → gg) B(r→ γγ))

Γ(hSM → gg) B(hSM → γγ))

√

max(Γtot(hSM), ∆Mγγ)

max(Γtot(r), ∆Mγγ)
, (7.1)

17

arXiv:1304.1787v2	  



Analysis	  Strategy	  
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•  The	  signal	  is	  a	  narrow	  width	  resonance	  X→H(bb)H(bb)	  

•  This	  blind	  search	  covers	  mass	  hypotheses	  from	  270	  GeV	  to	  1.1	  TeV	  
•  The	  kinemaJcs	  involved	  change	  substanJally	  over	  this	  range	  
•  Two	  different	  event	  selec.ons	  are	  used	  in	  two	  kinemaJc	  regimes	  

•  Main	  background	  through	  our	  selecJon	  criteria	  is	  mulJ-‐jet	  QCD	  producJon	  
•  Data	  driven	  background	  es.ma.on	  

Introduction	

‣ Our signal is defined as a narrow width resonance  X→HH(→4b)  

‣ We used the 18.6 fb-1 data sample collected with the HLT_DiPFJet80_DiPFJet30_BTagCSVd07d05 trigger 

‣ 4 jets above 30 GeV, 2 jets above 80 GeV, 2 jets with CSV>0.7 and 0.5 

‣ Our search exploits different mass hypotheses covering a wide range:  
‣ from 270 GeV up to 1 TeV  
‣ the involved kinematic changes as mX increases 
‣ two different event selections are used in the two different kinematic regimes 

!
!
!
!
!

‣  The main background contributing to our selection criteria is the multijet QCD production 
‣ Data driven estimation

�3

270 GeV ~ 2mH 1 TeV ≫ 2mH450 GeV > 2mH

“Low Mass” “High Mass”

γH>2γH~1-2



Analysis	  Strategy	  –	  Data	  Driven	  Background	  Es.ma.on	  
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•  Select	  4	  b-‐jets	  that	  reconstruct	  to	  two	  H(125)	  (described	  in	  event	  selecJon),	  
randomize	  the	  selecJon	  of	  the	  two	  H	  and	  make	  a	  scaker	  plot	  of	  mH1	  vs	  mH2	  

	  
•  Define	  the	  Signal	  Region	  SR	  centered	  around	  (125	  GeV,	  125	  GeV)	  with	  a	  radius	  

of	  15	  GeV.	  This	  is	  BLINDED	  for	  data	  

•  Define	  a	  SideBand	  region	  SB	  around	  it	  with	  an	  inner	  radius	  of	  15	  GeV	  and	  an	  
outer	  radius	  of	  35	  GeV,	  and	  only	  the	  top-‐lel	  and	  bokom-‐right	  quadrants	  

…	  con/nued	  



Analysis	  Strategy…	  con.nued	  
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•  Empirical	  Claim:	  The	  distribuJon	  of	  mX	  within	  SR	  can	  be	  predicted,	  within	  
quanJfiable	  uncertainty,	  by	  the	  distribuJon	  of	  mX	  within	  SB	  

•  Check	  this	  claim	  in	  regions	  VR	  and	  VR-‐SB	  centered	  around	  (90	  GeV,	  90	  GeV)	  

•  Validate	  this	  in	  an	  orthogonally	  tagged	  MMM(anJ-‐M)	  Control	  Region	  
…	  con/nued	  

	  



Analysis	  Strategy…	  con.nued	  
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•  Propagate	  JES,	  JER,	  b-‐tagging	  and	  trigger	  efficiency	  systemaJcs	  through	  signal	  
since	  background	  is	  data-‐driven	  

•  Expected	  Limit:	  Use	  func.onal	  fits	  to	  the	  background	  and	  to	  the	  signal	  mX,	  and	  
menJoned	  systemaJcs,	  to	  determine	  expected	  CLS	  upper	  limits	  on	  producJon	  x-‐
secJon	  of	  X	  using	  the	  Higgs	  Combina.on	  Tool	  

•  Observed	  Limit:	  Unblind	  the	  SR	  and	  fit	  mX	  to	  the	  predicted	  background	  and	  
signal.	  Infer	  significance	  of	  observaJon	  if	  any	  



The	  Analysis	  
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The	  Trigger	  

12	  •  Path	  used:	  HLT_DiPFJet80_DiPFJet30_BTagCSVd07d05	  
Been	  in	  place	  since	  /cdaq/physics/Run2012/7e33/v2.1/HLT/V9	  (9	  May,	  2012),	  used	  for	  a	  
Z(bb)H(bb)	  study	  
	  

Structure	  
	  

•  L1_DoubleJetC56	  OR	  L1_DoubleJetC64	  
•  Reconstruct	  anJ-‐KT	  0.5	  L1FastJetCorrected	  CaloJets	  

•  2	  Jets	  with	  |eta|	  <	  2.6	  and	  pT	  >	  75	  GeV	  
•  4	  Jets	  with	  |eta|	  <	  2.6	  and	  pT	  >	  25	  GeV	  

•  Fast	  Primary	  Vertex	  ReconstrucJon	  
•  |z|	  <	  25	  cm,	  r	  <	  2	  cm	  

•  CSV	  ComputaJon	  
•  1	  CaloJet	  with	  pT	  >	  20	  must	  have	  CSV	  >	  0.7	  
•  2	  CaloJets	  with	  pT	  >	  20	  must	  have	  CSV	  >	  0.5	  

•  PF	  ReconstrucJon	  Sequence	  
•  2	  PFJets	  with	  |eta|	  <	  2.6	  and	  pT	  >	  80	  GeV	  
•  4	  PFJets	  with	  |eta|	  <	  2.6	  and	  pT	  >	  30	  GeV	  

	  
Rate	  ~	  6	  Hz	  at	  5e33	  



Datasets	  Used	  
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•  We	  use	  2012	  8	  TeV	  data	  for	  our	  study.	  

•  BJetPlusX	  datasets	  contain	  our	  trigger.	  

•  2012B:	  (/BJetPlusX/Run2012B-‐13Jul2012-‐v1,	  193834	  -‐	  196531):	  4.428	  /h	  
•  2012C:	  

•  (/BJetPlusX/Run2012C-‐24Aug2012-‐v2,	  198049	  -‐	  198522):	  495	  /pb	  
•  (/BJetPlusX/Run2012C-‐PromptReco-‐v2,	  198941	  -‐	  203002):	  6.396	  /h	  

•  2012D:	  (/BJetPlusX/Run2012D-‐PromptReco-‐v1,	  203894	  –	  end):	  7.274	  /h	  

•  Total	  Integrated	  Luminosity	  used	  is	  18.60	  /c	  



Signal	  Event	  Genera.on	  
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•  Events	  generated	  with	  Madgraph	  and	  showered	  with	  PYTHIA6	  
•  We	  used	  the	  RS1	  radion	  to	  stand	  in	  for	  X	  and	  generated	  

•  for	  mX	  =	  {270,	  300,	  350,	  400,	  450,	  500,	  550,	  600,	  650,	  700,	  800,	  900,	  1000,	  
1100}	  TeV	  

•  Generated	  100,000	  events	  per	  mass	  point	  
•  Pileup	  Scenario:	  Summer	  2012	  In-‐Time	  
•  Passed	  sample	  through	  HLT	  step	  containing	  trigger,	  and	  then	  reconstrucJon	  

through	  CMSSW_5_3_3_patch2	  

gg→ X→HH
H→ bb;H→ bb



Physics	  Objects	  
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•  Jets	  
Jets	  are	  Par.cle	  Flow	  objects	  clustered	  with	  the	  an.-‐kT	  algorithm	  using	  R	  =	  0.5.	  
Standard	  Jet	  Energy	  CorrecJons	  are	  applied	  (described	  in	  systemaJcs).	  	  
	  
•  b-‐jet	  Iden.fica.on	  

The	  Combined	  Secondary	  Vertex	  (CSV)	  algorithm	  is	  used.	  	  

Outline
‣ Introduction 

‣ Theoretical Scenarios 
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‣ Low Mass and High Mass search 
‣ Kinematic Fit 
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‣ Expected Limit
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Event	  Selec.on	  –	  High	  Mass	  (mX	  >	  450	  GeV)	  Analysis	  
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•  Event	  contains	  at	  least	  4	  jets	  with	  pT	  >	  40	  GeV,	  |η|	  <	  2.5	  
•  Loop	  over	  all	  di-‐jet	  pairs	  and	  converge	  on	  the	  two	  di-‐jet	  pairs	  with:	  

•  the	  least	  difference	  in	  masses	  between	  Higgs	  candidates.	  
•  ΔR	  between	  the	  jets	  within	  a	  pair	  <	  π/2	  
	  

•  Randomly	  swap	  the	  two	  Higgs	  candidates	  (based	  on	  parity	  of	  a	  digit)	  

•  Require	  all	  4	  jets	  to	  have	  b-‐tag	  CSV	  >	  0.679	  (CSVM)	  

•  (mH,	  mH)	  must	  fall	  within	  15	  GeV	  of	  (125	  GeV,	  125	  GeV)	  (SR)	  



Event	  Selec.on	  –	  Low	  Mass	  (mX	  <	  450	  GeV)	  Analysis	  
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•  Jets	  in	  the	  event	  are	  CSV-‐ordered	  
•  At	  least	  4	  jets	  with	  CSV	  >	  0.244	  (CSVL),	  pT	  >	  30	  GeV	  &	  |η|	  <	  2.5	  

•  Among	  selected	  jets,	  search	  for	  2	  H	  candidates	  such	  that:	  
•  StarJng	  from	  the	  CSV-‐leading	  jet,	  we	  look	  for	  a	  second	  jet	  such	  

that	  mH1,2	  is	  in	  the	  window	  [90,	  160]	  GeV	  
•  Then,	  search	  for	  another	  pair	  with	  the	  same	  criterion	  

•  Among	  the	  4	  jets	  idenJfied	  as	  HH	  candidates,	  we	  require:	  
•  At	  least	  2	  jets	  with	  pT	  >	  80	  GeV	  
•  At	  least	  2	  jets	  with	  CSV	  >	  0.898	  (CSVT)	  

•  All	  combinaJons	  of	  these	  4	  jets	  are	  inspected	  and	  the	  one	  with	  the	  
minimal	  difference	  in	  masses	  of	  the	  Higgs	  candidates	  is	  chosen	  

•  (mH,	  mH)	  must	  fall	  within	  15	  GeV	  of	  (125	  GeV,	  125	  GeV)	  (SR)	  



Kinema.c	  Constraint	  
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•  Kinema.c	  constraint	  applied	  on	  the	  b-‐jets	  
reconstrucJng	  to	  each	  Higgs	  candidate	  so	  as	  
to	  constrain	  Higgs	  mass	  to	  be	  125	  GeV.	  The	  
jet	  3-‐momenta	  are	  varied	  within	  known	  
resoluJons.	  

•  Constraining	  is	  done	  using	  Lagrange	  
MulJpliers	  to	  converge	  to	  a	  least-‐square	  fit.	  
This	  is	  implemented	  in	  CMSSW	  
PhysicsTools/KinFiker.	  	  
See	  CMS	  NOTE	  2006/023	  	  

•  Method	  improves	  resolu.on	  of	  the	  di-‐Higgs	  
resonance,	  mX,	  by	  factors	  of	  20%	  to	  40%	  

•  Impact	  on	  expected	  upper	  limit	  varies	  
between	  10%	  to	  18%	  

Without	  
KinemaJc	  
Constraint	  

With	  
KinemaJc	  
Constraint	  

mX	  =	  500	  GeV	  

mX	  =	  900	  GeV	  



Event	  Selec.on	  –	  Efficiency	  Table	  
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Low	  Mass	  Event	  Selec.on	  Efficiency	  

Selection Criterion 450 GeV 500 GeV 550 GeV 600 GeV 650 GeV 700 GeV 800 GeV 900 GeV 1000 GeV 1100 GeV
Trigger 43.86% 50.36% 54.65% 57.11% 59.81% 61.54% 63.70% 63.04% 58.89% 52.94%
nJets >3 74.23% 77.23% 79.86% 82.04% 83.57% 84.60% 86.68% 87.15% 85.51% 83.11%

Finding HH Candidate 51.50% 59.00% 63.37% 65.38% 68.19% 69.26% 70.02% 67.95% 60.55% 52.72%
b-tagging MMMM 13.05% 14.49% 15.41% 15.83% 16.19% 15.96% 15.56% 15.02% 13.44% 12.23%

Signal Region 37.79% 39.25% 38.94% 40.31% 42.80% 43.84% 45.04% 46.49% 44.52% 43.89%
Cumulative Eff. 0.823% 1.267% 1.624% 1.949% 2.319% 2.503% 2.686% 2.6% 1.807% 1.242%

High	  Mass	  Event	  Selec.on	  Efficiency	  

Selection Criterion 270 GeV 300 GeV 350 GeV 400 GeV 450 GeV 500 GeV 550 GeV
Trigger 7.75% 12.69% 23.21% 34.72% 43.86% 50.27% 54.65%
n b-jets 24,63% 26.36% 29.41% 32.05% 34.12% 35.69% 37.22 %

HH candidate 20.26% 29.81% 41.28% 48.81 % 51.13% 50.79% 51.72%
SR 36.48% 38.47% 37.40% 36.68 % 37.59% 37.67 % 38.41%

Cumulative Eff. 0.14% 0.39% 1.05% 1.99% 2.87% 3.42% 4.03%



Signal	  Modeling	  
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•  The	  signal	  mX	  distribuJons	  are	  modeled	  thus:	  
•  High	  Mass	  Analysis:	  An	  Exp-‐Gauss-‐Exp	  funcJon	  invented	  for	  the	  High	  Mass	  

Analysis,	  which	  is	  a	  Gaussian	  core	  analyJcally	  conJnued	  on	  both	  sides	  to	  
exponenJal	  tails.	  4	  parameters.	  

•  Low	  Mass	  Analysis:	  Two	  Gaussian	  funcJons,	  one	  for	  the	  core	  and	  one	  for	  the	  
combinatorial	  background.	  5	  parameters.	  

	  
•  Fit	  details:	  	  

•  LMA:	  hkp://www.pi.infn.it/~vernieri/TLTL8030/SignalSystemaJcs.html	  	  
•  HMA:hkp://home.fnal.gov/~souvik/FullSim/focus/SignalSystemaJcs/SignalSystemaJcs.html	  

mX	  =	  700	  GeV	  mX	  =	  300	  GeV	  
mX	  =	  1.1	  TeV	  



Interpola.on	  for	  Fit	  Parameters	  of	  Intermediate	  Mass	  Points	  
High	  Mass	  Analysis	  
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•  Will	  be	  used	  to	  fit	  signal	  
hypotheses	  for	  
intermediary	  mass	  points	  
when	  data	  is	  unblinded.	  



Interpola.on	  for	  Fit	  Parameters	  of	  Intermediate	  Mass	  Points	  
Low	  Mass	  Analysis	  
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•  Will	  be	  used	  to	  fit	  signal	  
hypotheses	  for	  
intermediary	  mass	  
points	  when	  data	  is	  
unblinded.	  



Systema.c	  Uncertain.es	  –	  From	  JES,	  JER	  
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Jet	  Energy	  Resolu.on	  
	  

Smearing	  of	  Jet	  pT	  w.r.t	  gen-‐jet	  pT	  increased	  and	  decreased	  by	  ±1σ	  of	  the	  JER	  
uncertainJes	  listed	  here:	  	  	  

hkps://twiki.cern.ch/twiki/bin/view/CMS/JetResoluJon	  

Jet	  Energy	  Scale	  
	  

Jet	  pT	  moved	  by	  ±1σ	  of	  total	  JES-‐uncertainty	  arising	  from	  sources	  listed	  here:	  	  
hkps://twiki.cern.ch/twiki/bin/viewauth/CMS/JECUncertaintySources	  

Since	  the	  background	  is	  modeled	  en.rely	  from	  data,	  systemaJc	  
uncertainJes	  arising	  from	  jet	  energy	  scale	  &	  resoluJon,	  b-‐tagging	  and	  
trigger	  efficiency	  affect	  only	  the	  signal	  modeling.	  These	  are	  briefly	  
discussed	  in	  the	  following	  slides.	  



Systema.c	  Uncertain.es	  –	  From	  b-‐tagging	  
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b-‐tagging	  Scale	  Factor	  
	  

•  Since	  we’re	  on	  the	  CSV	  working	  points,	  Loose,	  Medium	  and	  Tight,	  we	  use	  CSV-‐
reshaping	  to	  account	  for	  the	  b-‐tagging	  scale	  factor	  between	  data	  and	  Monte	  Carlo.	  
Reshaping	  also	  returns	  equivalent	  CSV	  distribuJons	  for	  ±1σ	  variaJons	  of	  the	  SF.	  Used:	  

•  One	  nominal	  CSVequiv	  distribuJon	  that	  folds	  in	  SF	  based	  on	  jet	  flavor,	  jet	  pT	  and	  |η|	  

•  Two	  CSVequiv	  distribuJons	  derived	  from	  pushing	  the	  SFbc	  scale	  factors	  by	  ±1σ	  	  

•  Two	  CSVequiv	  distribuJons	  derived	  from	  pushing	  the	  SFlight	  scale	  factors	  by	  ±1σ	  	  

Hard	  work	  was	  already	  done	  by	  Hbb	  group!	  



Systema.c	  Uncertain.es	  –	  From	  the	  Trigger	  
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•  Simula.on	  of	  the	  HLT	  in	  signal	  MC	  is	  taken	  as	  a	  baseline,	  and	  correcJons	  to	  it	  by	  
studying	  data/MC	  in	  a	  D-‐bar	  control	  region	  are	  considered	  systemaJc	  uncertainJes	  

•  The	  SingleMu	  dataset	  was	  used	  to	  characterize	  the	  efficiency	  of	  our	  trigger,	  
HLT_DiPFJet80_DiPFJet30_BTagCSVd07d05	  in	  order	  to	  use	  D-‐bar	  with	  at	  least	  two	  
b-‐jets	  

•  To	  get	  this	  control	  region,	  the	  HH	  candidates	  were	  found	  using	  our	  selecJon	  and	  at	  
least	  one	  muon	  with	  pT	  >	  40	  GeV	  was	  required	  
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Systema.c	  Uncertain.es	  –	  From	  the	  Trigger	  
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•  Uncertainty	  on	  the	  following	  measure	  of	  efficiency	  was	  computed:	  
ε	  =	  P(HLT	  |	  offlineCuts	  AND	  SingleMu)	  

and	  ploked	  as	  a	  funcJon	  of:	  
•  the	  highest	  and	  second	  highest	  CSV	  for	  both	  MC	  and	  data	  
•  the	  2nd	  and	  4th	  highest	  jet	  pT	  

•  ±1σ	  variaJons	  of	  each	  these	  characterizaJons	  were	  folded	  into	  the	  signal	  line-‐shape	  
in	  order	  to	  compute	  the	  systemaJc	  uncertainJes	  from	  the	  trigger	  SF

SF compatible with 1 in the region of interest for the signal.

12 of 12



Signal	  Modeling	  with	  Systema.cs	  

27	  

•  ±1σ	  variaJons	  of	  each	  source	  of	  systemaJcs	  are	  also	  fiked	  to	  the	  same	  funcJons.	  	  

•  The	  variaJons	  in	  normaliza.on	  and	  fit	  parameters	  are	  used	  to	  compute	  limits	  
	  

•  Fit	  details:	  	  
•  LMA:	  hkp://www.pi.infn.it/~vernieri/TLTL8030/SignalSystemaJcs.html	  	  
•  HMA:	  hkp://home.fnal.gov/~souvik/FullSim/SignalSystemaJcs/SignalSystemaJcs.html	  

mX	  =	  700	  GeV	  
mX	  =	  300	  GeV	  

mX	  =	  1.1	  TeV	  



Signal	  Modeling	  with	  Systema.cs	  
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•  SystemaJc	  uncertainJes	  affect	  both	  the	  normalizaJon	  of	  the	  signal	  shape	  and	  the	  
fit	  parameters.	  Effects	  on	  the	  normalizaJon	  are	  tabulated	  below	  

Source	  of	  Systema.c	  Uncertainty	   Range	  of	  Signal	  Efficiency	  
Normaliza.on	  Uncertainty	  

High	  Mass	  Analysis	  

Range	  of	  Signal	  Efficiency	  
Normaliza.on	  Uncertainty	  

Low	  Mass	  Analysis	  

Luminosity	   4.4%	   4.4%	  

Jet	  Energy	  Scale	   0	  –	  0.2%	   0.1%	  –	  0.5%	  

Jet	  Energy	  ResoluJon	   5.5%	  –	  6.7%	   2.4%	  –	  7.0%	  	  

b-‐tagging	  SF	  for	  bc	  flavors	   5.2%	  –	  13.0%	   1.8%	  –	  5.7%	  

b-‐tagging	  SF	  for	  light	  flavors	   0	  –	  0.2%	   0.8%	  –	  2.3%	  

Trigger	  SF	   14.7%	  –	  17.0	  %	   21.5%	  –	  30.3%	  

•  Details	  of	  how	  systemaJcs	  affect	  signal	  normalizaJon	  and	  fit	  parameters	  here:	  
Low	  Mass	  Analysis:	  hkp://www.pi.infn.it/~vernieri/TLTL8030/SignalSystemaJcs.html	  

High	  Mass	  Analysis:	  hkp://home.fnal.gov/~souvik/FullSim/SignalSystemaJcs/SignalSystemaJcs.html	  



•  Just	  three	  parameters	  and	  we	  know	  what	  
they	  do:	  

	  
•  P0:	  Mean	  of	  the	  Gaussian	  core	  
•  P1:	  Width	  of	  the	  Gaussian	  core	  
•  P2:	  Exponent	  of	  the	  high	  tail,	  also	  the	  

number	  of	  std	  dev	  at	  which	  Gaussian	  
turns	  into	  exponenJal	  

Modeling	  the	  Background	  Distribu.on	  –	  High	  Mass	  Analysis	  
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10	  GeV	  bins	  

Red	  curve	  =	  Predic.on	  from	  VR-‐SB	  
Blue	  curve	  =	  From	  VR	  

•  Crystal	  Ball	  funcJon	  was	  too	  unstable	  in	  the	  
exponent.	  CDF	  2009	  funcJon	  for	  di-‐jet	  resonances	  
was	  also	  unstable.	  

•  Our	  funcJon	  has	  Gaussian	  Core	  &	  ExponenJal	  Tail	  



Data	  in	  the	  Valida.on	  Region	  

Valida.on	  Region	  Sideband	  Parameters	  
P0VRSB	  	  =	  416.2	  GeV;	  δP0VRSB	  =	  1.2	  GeV	  
P1VRSB	  	  =	  66.7	  GeV;	  δP1VRSB	  =	  1.0	  GeV	  
P2VRSB	  	  =	  0.471;	  δP2VRSB	  =	  0.009	  

chi^2/ndof	  =	  0.78	  

30	  

Valida.on	  Region	  Parameters	  
P0VR	  	  =	  412.1	  GeV;	  δP0VR	  =	  1.2	  GeV	  
P1VR	  	  =	  72.1	  GeV;	  δP1VR	  =	  1.0	  GeV	  
P2VR	  	  =	  0.468;	  δP2VR	  =	  0.009	  

chi^2/ndof	  =	  0.98	  

Red	  curve	  =	  Predic.on	  from	  VR-‐SB	  
Blue	  curve	  =	  From	  VR	  

(90,90)	  VALIDATION	  REGION	  

The	  Gauss-‐Exp	  func.on	  that	  works	  for	  the	  VR-‐SB	  region	  also	  fits	  data	  in	  the	  VR	  region.	  



Predicted	  Signal	  Region	  Parameters	  
P0SR	  	  =	  476.6	  GeV;	  δP0SR	  =	  14.9	  GeV	  
P1SR	  	  =	  64.0	  GeV;	  δP1SR	  =	  11.6	  GeV	  
P2SR	  	  =	  0.288;	  δP2SR	  =	  0.066	  

Data	  in	  the	  Signal-‐Sideband	  Region	  

(125,	  125)	  CENTRAL	  REGION	  

Red	  curve	  =	  From	  SB	  
Green	  curve	  =	  Predic.on	  for	  SR	  	  

Signal	  Region	  Sideband	  Parameters	  
P0SB	  	  =	  486.0	  GeV;	  δP0SB	  =	  12.0	  GeV	  
P1SB	  	  =	  57.8	  GeV;	  δP1SB	  =	  9.0	  GeV	  
P2SB	  	  =	  0.299;	  δP2SB	  =	  0.057	  

chi^2/ndof	  =	  0.44	  
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•  The	  Gauss-‐Exp	  form	  fits	  the	  mX	  distribuJon	  in	  the	  SB	  region.	  
•  We	  posit	  it	  will	  also	  fit	  the	  distribuJon	  in	  the	  SR	  region.	  

•  We	  test	  this	  posi.on	  in	  an	  orthogonally	  b-‐tagged	  control	  region	  with	  one	  b-‐tag	  reversed	  



Data	  in	  Orthogonally	  b-‐tagged	  MMMM	  Control	  Region	  	  

Valida.on	  Region	  Sideband	  Parameters	  
P0VRSB	  	  =	  416.2	  GeV;	  δP0VRSB	  =	  1.2	  GeV	  
P1VRSB	  	  =	  66.7	  GeV;	  δP1VRSB	  =	  1.0	  GeV	  
P2VRSB	  	  =	  0.471;	  δP2VRSB	  =	  0.009	  

chi^2/ndof	  =	  1.43	  
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Valida.on	  Region	  Parameters	  
P0VR	  	  =	  412.1	  GeV;	  δP0VR	  =	  1.2	  GeV	  
P1VR	  	  =	  72.1	  GeV;	  δP1VR	  =	  1.0	  GeV	  
P2VR	  	  =	  0.468;	  δP2VR	  =	  0.009	  

chi^2/ndof	  =	  1.59	  

Red	  curve	  =	  Predic.on	  from	  VR-‐SB	  
Blue	  curve	  =	  From	  VR	  

(90,90)	  VALIDATION	  REGION	  

The	  Gauss-‐Exp	  func.on	  that	  works	  for	  the	  VR-‐SB	  region	  again	  fits	  data	  in	  the	  VR	  region.	  
The	  tail	  is	  an	  exponenJal.	  Polynomial	  forms	  &	  Landau	  curves	  don’t	  do	  it	  jusJce.	  



Data	  in	  Orthogonally	  b-‐tagged	  MMMM	  Fake	  Signal	  Region	  	  

Fake	  Signal	  Region	  Sideband	  Parameters	  
P0SB	  	  =	  490.9	  GeV;	  δP0SB	  =	  1.2	  GeV	  
P1SB	  	  =	  74.1	  GeV;	  δP1SB	  =	  3.6	  GeV	  
P2SB	  	  =	  0.415;	  δP2SB	  =	  0.021	  

chi^2/ndof	  =	  1.12	  
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Fake	  Signal	  Region	  Fit	  Parameters	  
P0VR	  	  =	  477.0	  GeV;	  δP0VR	  =	  6.5	  GeV	  
P1VR	  	  =	  69.3	  GeV;	  δP1VR	  =	  12.5	  GeV	  
P2VR	  	  =	  0.384;	  δP2VR	  =	  0.075	  

chi^2/ndof	  =	  1.07	  

Red	  curve	  =	  Distribu.on	  in	  SB	  
Green	  curve	  =	  Predic.on	  from	  SB	  
Blue	  curve	  =	  Distribu.on	  in	  SR	  

(125,	  125)	  SIGNAL	  REGION	  

•  The	  Gauss-‐Exp	  func.on	  fits	  the	  Fake	  Signal	  Region	  of	  the	  orthogonally	  b-‐tagged	  
region,	  starJng	  from	  fit	  parameters	  obtained	  from	  the	  SB	  region	  

•  This	  func.on	  can	  be	  used	  to	  model	  the	  background	  on	  unblinding	  



•  A	  Landau	  funcJon	  convoluted	  with	  a	  
Gaussian	  is	  used	  to	  model	  the	  
background.	  4	  parameters	  

•  We	  test	  this	  not	  only	  in	  the	  VR,	  VR-‐SB	  and	  
SB	  regions,	  but	  also	  in	  an	  orthogonally	  b-‐
tagged	  	  	  	  	  	  	  	  	  	  	  	  	  region	  

Modeling	  the	  Background	  Distribu.on	  –	  Low	  Mass	  Analysis	  
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Low mass, background

‣ Landau function convoluted with a 
Gaussian is used to model the 
background 

‣ 4 parameters

Predic'on*from*SB# Predic'on*from*VB#
Predic'on*from*VR#

�14

Low mass, background

‣ Landau function convoluted with a 
Gaussian is used to model the 
background 

‣ 4 parameters

Predic'on*from*SB# Predic'on*from*VB#
Predic'on*from*VR#

�14

TLTL

(90,90)	  VALIDATION	  REGION	  

(125,	  125)	  CENTRAL	  REGION	  



•  We	  reverse	  the	  requirement	  on	  the	  CSV	  for	  the	  2	  jets	  which	  are	  not	  tagged	  as	  CSV-‐Jght.	  
Jets	  are	  ordered	  by	  pT	  for	  this	  control	  region	  

•  The	  Landau-‐Gaussian	  is	  seen	  to	  fit	  the	  fake	  signal	  region	  distribu.on	  well.	  Can	  be	  used	  
when	  data	  is	  unblinded.	  

Modeling	  the	  Background	  Distribu.on	  –	  Low	  Mass	  Analysis	  

35	  

Low mass, TLT̅L ̅
‣ We revert the requirement on the CSV for the 2 jets which are not tagged as tight 

‣ here jets are ordered according to their pT value and to less energetic to have pT>40 GeV  
‣ Signal rate here is negligible (S/B reduction is by a factor 15-25)

Predic'on*from*SB#

�21

Predic'on*from*SB,#X/ndof=#
Predic'on*from#SR,#X/ndof=#

Predic'on*from*VB,#X/ndof#=#0.99#
Predic'on*from*VR,#X/ndof#=#0.89#

Low mass, TLT̅L ̅
‣ We revert the requirement on the CSV for the 2 jets which are not tagged as tight 

‣ here jets are ordered according to their pT value and to less energetic to have pT>40 GeV  
‣ Signal rate here is negligible (S/B reduction is by a factor 15-25)

Predic'on*from*SB#

�21

Predic'on*from*SB,#X/ndof=#
Predic'on*from#SR,#X/ndof=#

Predic'on*from*VB,#X/ndof#=#0.99#
Predic'on*from*VR,#X/ndof#=#0.89#

TLTL	  Control	  Region	  

(125,	  125)	  CENTRAL	  REGION	  (90,90)	  VALIDATION	  REGION	  

3.23	  
2.19	  



Results	  

36	  



Signal	  Strength	  Bias	  Studies	  
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•  Given	  our	  signal	  and	  background	  model,	  we	  test	  the	  systemaJc	  bias	  in	  the	  
signal	  strength	  extracted	  with	  the	  Higgs	  CombinaJon	  Tool	  for	  various	  cross	  
secJons	  of	  injected	  signal	  

•  200	  –	  500	  toys	  are	  thrown	  from	  a	  background	  &	  signal	  model,	  for	  different	  
values	  of	  signal	  strength,	  for	  each	  mass	  point	  studied.	  	  

•  The	  toys	  in	  the	  mX	  distribuJon	  are	  fiked	  with	  the	  same	  or	  a	  different	  
funcJonal	  form	  for	  the	  background	  and	  a	  signal	  whose	  mean	  is	  lel	  to	  float	  

•  The	  reconstructed	  signal	  strength	  is	  a	  measure	  of	  the	  bias	  inherent	  in	  this	  
signal	  extracJon	  procedure	  



Signal	  Strength	  Bias	  for	  Various	  Func.onal	  Forms	  
High	  Mass	  Analysis	  
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•  200	  toys	  were	  thrown	  for	  
each	  point,	  with	  the	  Gauss-‐
Exp	  fit	  to	  the	  data	  in	  the	  SB	  
region,	  normalized	  to	  number	  
of	  events	  in	  the	  SR	  region.	  

•  Signal	  strengths	  of	  0.01	  pb,	  
0.05	  pb,	  0.1	  pb,	  0.5	  pb,	  1	  pb,	  5	  
pb	  and	  10	  pb	  were	  injected	  

•  The	  toys	  were	  fit	  to	  a	  Gauss-‐
Exp	  for	  background	  with	  
floaJng	  parameters,	  and	  also	  
to	  a	  Gauss-‐Exp	  whose	  
parameter	  ranges	  are	  
predicted	  by	  extrapolaJon.	  
Both	  show	  similar	  bias.	  

•  The	  background	  +	  signal	  fit	  is	  
robust.	  



Signal	  Strength	  Bias	  for	  Various	  Func.onal	  Forms	  
Low	  Mass	  Analysis	  
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•  500	  toys	  were	  thrown	  for	  each	  point.	  Signal	  strengths	  of	  0	  pb,	  1	  pb,	  2	  pb,	  5	  pb	  
and	  10	  pb	  were	  injected	  

•  The	  toys	  were	  generated	  with	  a	  6th	  order	  Bernstein	  polynomial	  as	  the	  
background,	  and	  fiked	  to	  the	  Landau-‐Gauss.	  

	  
•  The	  background	  +	  signal	  fit	  is	  robust.	  



Expected	  Upper	  Limit	  with	  18.6	  /c	  
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Expected Limit

• Using the signal and background fit functions shown we get this estimates for the exclusion limits 

• Above 400 GeV the high mass strategy starts to be more sensitive

“Low” “High”

�22

Low	  Mass	  Analysis	  

High	  Mass	  Analysis	  

•  Using	  the	  signal	  and	  background	  models	  described,	  we	  obtain	  the	  expected	  upper	  
limits	  on	  the	  signal	  cross	  secJon	  at	  95%	  CL	  using	  the	  Asympto.c	  CLS	  method	  

•  The	  Low	  Mass	  Analysis	  and	  High	  Mass	  Analysis	  are	  each	  powerful	  in	  their	  domains	  with	  
the	  turn-‐over	  at	  400	  GeV	  

•  The	  High	  Mass	  Analysis	  begins	  to	  lose	  sensiJvity	  beyond	  900	  GeV,	  signaling	  the	  
relevance	  for	  a	  jet	  substructure	  based	  analysis	  beyond	  1	  TeV	  

CMS	  Preliminary	  

CMS	  Preliminary	  



Combined	  Expected	  Upper	  Limit	  with	  18.6	  /c	  
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Compared	  with	  H(γγ)H(bb)	  
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Introduction Analysis setup Photons Jets Analysis strategy Systematics & Results Checks Conclusion

Limits

M(GeV)
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CX*BR(HH)(fb) - SM Higgs BR

WED: kl = 35, k/Mpl = 0.2, elementary top

Expected

2 sigma
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R = 3 TeV)ΛRS radion (

R = 1 TeV)ΛRS radion (

"RS1" Graviton (DY + gluon fusion) 

 Bulk Graviton *
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Conclusion	  
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•  This	  analysis	  is	  sensiJve	  to	  resonant	  di-‐Higgs	  producJon	  in	  the	  4	  b-‐jet	  final	  
state	  over	  a	  wide	  range	  of	  resonance	  masses	  and	  down	  to	  

σ(XàHH;H-‐>bb;H-‐>bb)	  =	  18	  c	  	  
with	  18.6	  /h	  of	  8	  TeV	  data	  

•  AwaiJng	  pre-‐approval	  if	  the	  H-‐>bb	  group	  agrees	  

•  DocumentaJon	  is	  at:	  
Analysis	  Note	  AN-‐13-‐227	  

hkps://twiki.cern.ch/twiki/bin/viewauth/CMS/HHto4bUnboosted	  	  



BACKUP	  
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Experimental	  Mo.va.on	  
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•  The	  analysis	  uses	  data	  collected	  by	  a	  trigger	  with	  b-‐jet	  
idenJficaJon	  

•  The	  granularity	  of	  tracking	  with	  the	  CMS	  Pixel	  Detector	  
allows	  online	  secondary-‐vertexing	  and	  b-‐tagging.	  
DemonstraJon	  of	  capability	  with	  a	  physics	  result	  

•  Fidelity	  of	  b-‐jet	  idenJficaJon	  and	  reconstrucJon	  reflected	  
in	  the	  reach	  of	  this	  analysis	  through	  a	  4	  b-‐jet	  final	  state	  
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NMSSM, σ(pp→h2)⋅BR (h2→HH) 

- For mh2 ~ 300 GeV we expect h2→4b to contribute with a 
σ⋅BR < 60 fb assuming SM BR(H→bb)

- Prediction on the σ(pp→h2)⋅BR (h2→HH) varying tan β and m(h2) 

260 280 300 320 340
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100
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200

mh2 @GeVD

s
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TE
V
*B
R
HfbL

Fixed tb

tb=3.5

tb=3

tb=2.5
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0.001
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s
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tt

bb

WW
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hh

- HH decay mode is, in this particular phase space, 2 odm 
greater than bb and ττ 
- For tan β> 1.5, HH decay mode is much more dominant with 
respect to ZZ, WW. �26



Physics	  Objects	  
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Analysis	  uses	  standard	  CMS	  physics	  objects	  provided	  by	  the	  Physics	  Analysis	  Tools	  
(PAT)	  framework	  and	  approved	  by	  relevant	  Physics	  Object	  Groups	  (POG).	  
	  
•  Primary	  Vertex	  Selec.on	  and	  Pile-‐up	  

Primary	  verJces	  idenJfied	  using	  tracks	  clustered	  by	  Determinis.c	  Annealing.	  
Required	  to	  have	  |z-‐z0|	  <	  24	  cm,|r|	  <	  2	  cm,	  and	  fit	  n.d.o.f.	  >	  4.	  8	  TeV	  data	  
contained	  10	  –	  30	  primary	  verJces,	  and	  this	  affects	  jet	  reconstrucJon	  unless	  
corrected	  for.	  
	  
•  PFnoPU	  

Subtracts	  tracks	  from	  jets	  that	  do	  not	  originate	  from	  the	  primary	  interacJon.	  
Works	  in	  the	  η	  region	  covered	  by	  the	  tracker.	  
	  

•  Fastjet	  
Subtracts	  a	  momentum	  density	  per	  unit	  area	  due	  to	  PU	  for	  each	  event	  from	  
each	  jet.	  



Pileup	  Reweigh.ng	  
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•  Standard	  pile-‐up	  reweighJng	  technique	  used	  in	  H(bb)	  analyses	  used	  here.	  

•  nPV	  reweighted	  from	  17.57	  to	  16.26,	  thus	  mimicking	  data	  

Pileup	  ReweighJng	  

Signal	  MC	  	  
mX	  =	  600	  GeV	  
<nPV>	  =	  17.57	  

Signal	  MC	  	  
mX	  =	  600	  GeV	  
<nPV>	  =	  16.26	  



Number	  of	  Central	  Jets	  in	  the	  Events	  
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In	  following	  slides,	  the	  distribuJons	  will	  be	  used	  to	  
moJvate	  selecJon	  criteria	  for	  the	  High	  Mass	  Analysis.	  
Corresponding	  distribuJons	  for	  the	  Low	  Mass	  Analysis	  
may	  be	  found	  in	  the	  Note.	  
	  
•  Jets	  have	  pT	  >	  40	  GeV,	  |η|	  <	  2.5	  	  

(no	  b-‐tagging	  applied	  yet)	  

•  Require	  at	  least	  4	  such	  jets	  

•  RepresentaJve	  selecJon	  efficiencies:	  

300	  
GeV	  

400	  
GeV	  

500	  
GeV	  

600	  
GeV	  

700	  
GeV	  

800	  
GeV	  

Trigger	   13%	   35%	   51%	   59%	   63%	   65%	  
not	  

VH(bb)	  
99%	   99%	   97%	   95%	   93%	   90%	  

nCJets>
3	  

63%	   65%	   73%	   78%	   82%	   83%	  

Signal	  

Data	  



Choice	  of	  Four	  Jets.	  min(|mH1-‐mH2|)	  
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•  Loop	  over	  all	  di-‐jet	  pairs	  and	  converge	  on	  the	  two	  
di-‐jet	  pairs	  with	  the	  least	  difference	  in	  masses.	  The	  
ΔR(jet,	  jet)	  must	  be	  less	  than	  π/2	  

•  Now	  you	  have	  4	  kinema.cally	  chosen	  jets	  to	  
reconstruct	  HH	  



The	  Reconstructed	  Higgs	  Candidate	  Mass.	  ΔR	  <	  π/2	  
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Efficiency	  Table	  here	  



CSV	  Distribu.ons	  of	  the	  4	  Chosen	  Jets	  
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•  Within	  a	  Higgs,	  Jets	  are	  
ordered	  by	  pT	  

•  Will	  cut	  symmetrically	  on	  
all	  four	  jets	  in	  order	  to	  
make	  kinemaJc	  
extrapolaJon	  easy.	  

•  CSV-‐medium	  (0.679)	  was	  
chosen	  through	  a	  n-‐1	  	  
S/√B	  opJmizaJon	  study	  

Higgs	  Jet	  1	  CSV	  

Higgs	  Jet	  1	  CSV	  

Higgs	  Jet	  2	  CSV	  

Higgs	  Jet	  2	  CSV	  

Signal	  Signal	  

Data	   Data	  
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“CSV-selection”, Xmass in the SR

angular box  minDm
csv-trigger 13,42 13,42 13,42
nJets>3&b-tag 2,05 12,77 17,88
HH candidate 23,04 45,33 83,77
Signal Region 12,69 43,91 40,07
Cumulative 0,008 0,343 0,8

Purity* 55 60,1 62,2

Purity = (#evt matched | HH cand &  btag)  

/(# evt HH cand & btag ) 

(*) ‘evt matched’ has to be intended  as an event in which the 4 jets selected as HH candidates 
are matched (dR<0.4) to the jets at the generator level originated by the 2 H from the X �27



Signal	  mX	  Distribu.ons	  –	  High	  Mass	  Analysis	  	  
w&	  w/o	  Kinema.c	  Constraints	   54	  

mX	  =	  450	  GeV	   mX	  =	  500	  GeV	   mX	  =	  550	  GeV	  

mX	  =	  600	  GeV	   mX	  =	  650	  GeV	   mX	  =	  700	  GeV	  



Signal	  mX	  Distribu.ons	  –	  High	  Mass	  Analysis	  	  
w&	  w/o	  Kinema.c	  Constraints	   55	  

mX	  =	  800	  GeV	   mX	  =	  900	  GeV	   mX	  =	  1	  TeV	  

mX	  =	  1.1	  TeV	  

•  Similar	  distribuJons	  for	  the	  mX	  =	  270,	  300,	  350	  and	  
400	  GeV	  are	  shown	  in	  the	  Note.	  

•  Method	  improves	  resolu.on	  of	  the	  di-‐Higgs	  
resonance,	  mX,	  by	  factors	  of	  20%	  to	  40%	  



Signal	  Modeling	  with	  Systema.cs	  –	  Low	  Mass	  Analysis	  
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mX	  =	  270	  GeV	  
LMA	   mX	  =	  300	  GeV	  

LMA	  

mX	  =	  350	  GeV	  
LMA	  

mX	  =	  400	  GeV	  
LMA	   mX	  =	  450	  GeV	  

LMA	   mX	  =	  500	  GeV	  
LMA	  



Signal	  Modeling	  with	  Systema.cs	  –	  High	  Mass	  Analysis	  
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mX	  =	  450	  GeV	  
HMA	  

mX	  =	  500	  GeV	  
HMA	  

mX	  =	  550	  GeV	  
HMA	  

mX	  =	  600	  GeV	  
HMA	  

mX	  =	  650	  GeV	  
HMA	  

mX	  =	  700GeV	  
HMA	  



Signal	  Modeling	  with	  Systema.cs	  –	  High	  Mass	  Analysis	  
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mX=800	  GeV	  
HMA	  

mX	  =	  900	  GeV	  
HMA	  

mX	  =	  1	  TeV	  
HMA	  

mX	  =	  1.1	  TeV	  
HMA	  

Typical	  Contribu.ons	  to	  Systema.c	  Uncertain.es	  
	  
•  JEC:	  ~	  0.1%	  
•  JER:	  ~	  5%	  
•  bTag	  heavy	  flavor:	  ~	  10%	  
•  bTag	  light	  flavor:	  ~	  0.01%	  
•  Trigger:	  ~	  15%	  
	  
Detailed	  tabulaJon	  of	  fits	  and	  uncertainJes	  in:	  

LMA:	  hkp://www.pi.infn.it/~vernieri/TLTL8030/SignalSystemaJcs.html	  
HMA:	  hkp://home.fnal.gov/~souvik/FullSim/SignalSystemaJcs/SignalSystemaJcs.html	  
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Low mass, TLT̅L ̅ - pT thresholds choice

• If we use as thresholds for the jet pT the default ones (80,30) while 
reverting the CSV requirements for 2 of the 4 jets, we exploit a phase 
space where the trigger bias is stronger and shapes the mX 

distribution 

• A study with on a top sample has shown that this feature is seen in 
that sample too 

• This can be settled by looking at the mX distribution in ttbar with 
and without the trigger.  

• Also for a QCD sample with and without the trigger.  

�29
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Top contribution TLbarTLbar

Predic'on*from*SB#

- ttbar has similar shape to the selected data 
- we checked several distributions, not just mX 

Predic'on*from*SB#

�30

TTjets Semilept

TTjets FullLept

TTjets Hadronic

Data



High	  Mass	  Analysis	  ubar	  Contribu.on	  
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xsec_kbar_fulllept	  =	  24.56	  pb	  
xsec_kbar_semilept	  =	  103.12	  pb	  
xsec_kbar_hadronic	  =	  106.32	  pb	  
	  
ContribuJon	  of	  fully	  leptonic	  kbar	  is	  0.217462	  
ContribuJon	  of	  semi	  leptonic	  kbar	  is	  3.46977	  
ContribuJon	  of	  hadronic	  kbar	  is	  28.0169	  
Total	  contribuJon	  of	  kbar	  is	  31.7041	  
	  
Number	  of	  data	  events	  in	  SR	  =	  298	  
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Trigger Bias? TTbar

Trigger on Trigger off

SB, TLbarTLbar

- The shaping due to the trigger is clear, since  the analogies  with the selected data we are 
confident the same effect is affecting our selected data sample 
!

�31
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Trigger Bias? QCD SB, TLbarTLbar

Trigger on Trigger off

�32
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Trigger Bias? Z+jets SB, TLbarTLbar

Trigger on Trigger off

We use DY samples in which the Z is forced to decay into ll 
We assume the leptons are b-quarks passing the 2CSVT requirement 
Though we over-estimate this bkg we found its contribution is negligible

�33
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Solution I (90,40)

Predic'on*from*SB#
Predic'on*from*SR#

- The solution we tried is to use higher thresholds for the jet pT and to order jet 
according to their pT value since we require to anti-b-tagged jets 
     - No further splitting in categories is then needed

TLbarTLbar

No Kin Fit Kin Fit
Predic'on*from*SB#
Predic'on*from*SR#

Fit to be fixed,  but no double peak feature
�34
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Solution II (80,40)

- The solution we tried is to use higher thresholds for the jet pT and to order jet 
according to their pT value since we require to anti-b-tagged jets 
     - No further splitting in categories is then needed

TLbarTLbar

No Kin Fit Kin Fit

Fit to be fixed,  but no double peak feature

Predic'on*from*SB#
Predic'on*from*SR#

Predic'on*from*SB#
Predic'on*from*SR#

�35
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chi^2/ndof = 0.959972

80/40, TLTL

Predic'on*from*SB#

chi^2/ndof of bC = 0.582375 
chi^2/ndof of bS = 0.868697

Predic'on*from*VB#
Predic'on*from*VR#

Signal fits are available here: 
http://www.pi.infn.it/~vernieri/test/SignalSystematics.html 
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Trigger on Trigger off

�37

QCD Contribution SB, TLTL

mX [GeV] mX [GeV]
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Trigger on Trigger off

�38

TTbar Contribution SB, TLTL

mX [GeV] mX [GeV]
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Z+jets Contribution SB, TLTL

Trigger on Trigger off

We use DY samples in which the Z is forced to decay into ll 
We assume the leptons are b-quarks passing the 2CSVT requirement 
Though we over-estimate this bkg we found its contribution is negligible

�39

mX [GeV] mX [GeV]



First	  4	  Hardest	  Central	  Jet	  pT	  Distribu.ons	  
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•  First	  four	  highest	  pT	  central	  jets	  ploked	  aler	  trigger,	  !(VH(bb))	  and	  nCJets>3	  criteria	  
•  The	  effect	  of	  the	  trigger	  requiring	  2	  jets	  >	  80	  GeV	  and	  4	  jets	  >	  30	  GeV	  is	  apparent	  
•  We	  do	  not	  use	  the	  hardest	  jets.	  We	  use	  different	  combinatorial	  method.	  Next	  slide.	  	  



Reconstructed	  Higgs	  Candidate	  Mass	  

73	  

•  The	  reconstructed	  mH	  distribuJon	  
exhibits	  this	  shoulder	  on	  the	  
higher	  side.	  	  

•  It	  does	  not	  diminish	  with	  Jghter	  
b-‐tagging	  of	  the	  jets.	  

•  Prominent	  for	  mX	  <	  600	  GeV	  

•  Where	  does	  it	  come	  from?	  



The	  Reconstructed	  Higgs	  Candidate	  Mass.	  dR	  <	  1.7	  
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•  Once	  we	  require	  dR(jet,	  jet)	  <	  pi/2,	  
the	  shoulder	  is	  gone!	  

•  Now,	  we	  are	  ready	  to	  opJmize	  the	  
b-‐tagging	  working	  point.	  



The	  Reconstructed	  Higgs	  Candidate	  Mass	  vs	  dR(jets)	  
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dR	  

m
H	  

mX	  =	  500	  GeV	  

•  To	  diagnose	  this	  shoulder,	  we	  plot	  a	  scaker	  between	  the	  reconstructed	  mH	  and	  
dR(jet,	  jet)	  within	  the	  Higgs	  candidate.	  

•  We	  see	  two	  disJnct	  populaJons	  of	  signal	  candidates.	  The	  ones	  with	  higher	  dR	  
give	  us	  the	  shoulder.	  

•  In	  order	  to	  recover	  the	  event,	  we	  only	  compare	  diJet	  pairs	  for	  mass-‐difference	  
IF	  the	  dR(jet,	  jet)	  <	  pi/2.	  This	  doesn’t	  work	  for	  mX=300	  GeV.	  

b	  

b	  
_	  

b	  
_	  
b	  

h0	   h0	  X	  


